Glutathione peroxidase 1 (GPx1) is a selenium (Se)-containing protein and is induced in cartilage formation. GPx1 eliminates reactive oxygen species (ROS), which are required for chondrogenic induction. The physiological properties of GPx1 in cartilage and the redox mechanisms involved are not known. The effects of GPx1 on chondrogenic differentiation of ATDC5 cells were examined through short hairpin RNA-mediated gene silencing. The results demonstrated that GPx1 knockdown impaired gene expression of sex determining region Y-box 9, collagen II (Col II), and aggrecan. GPx1 knockdown suppressed the accumulation of cartilage glycosaminoglycans (GAGs) and the proliferation of chondrocyte. GPx1 knockdown also induced cell apoptosis. However, cell sensitivity toward exogenous oxidative stress was not increased after GPx1 knockdown. Unexpectedly, GPx1 knockdown not only induced oxidative stress characterized by the increased production of ROS but also caused reductive stress indicated by an elevation of glutathione (GSH)/oxidized GSH (GSSG) ratio. Furthermore, GPx1 knockdown-mediated reductive and oxidative stress could be antagonized by a thiol-oxidizing agent diamide and a thiol-containing compound N-acetylcysteine (NAC), respectively. Moreover, NAC attenuated GPx1 knockdown-induced cell apoptosis, while diamide prevented GPx1 knockdown-suppressed chondrocyte proliferation. Finally, diamide but not NAC could rescue GPx1 knockdown-mediated impaired chondrogenic differentiation. In summary, GPx1 is essential for chondrogenic induction in ATDC5 cells mainly through modulation of intracellular GSH/GSSG ratio, rather than an antioxidant enzyme to detoxify ROS. In addition, GPx1 knockdown-induced impaired chondrogenesis may participate in the pathogenesis of the endemic osteoarthropathy due to Se deficiency. These observations offer novel insights for the development of therapeutic target during cartilage degeneration.
Introduction
Selenium (Se) is a well-recognized essential micronutrient and exerts its beneficial properties mainly through cotranslational incorporation into selenoproteins in the form of the amino acid selenocysteine (Sec). There are 25 and 24 selenoproteins identified in humans and rodents, respectively [1, 2] , including glutathione peroxidases (GPx), thioredoxin reductases (TrxR), iodothyronine deiodinases (DIO), selenophosphate synthetases 2 (SPS2), and 15-kDa selenoprotein, as well as others annotated in alphabetical order from selenoprotein H to W except J. Selenoproteins are hierarchically regulated by Se status. This means that the expression levels of some selenoproteins in certain tissue decline fast upon Se deprivation, while others remain stable even during severely Se deficiency [3] . Low Se status is associated with an endemic osteoarthropathy in human characterized by cartilage malformations, and supplement of Se shows benefit [4, 5] . Se deficiency in rats was also found to induce abnormal epiphyseal plate, while selenoprotein synthesis deficiency in mouse showed marked signs of osteochondropathy similar to that of human [6, 7] . These results suggest that Se plays a role in cartilage formation. However, the biochemical and molecular mechanisms that link Se status, selenoproteins and cartilage functions are poorly understood. In previous studies, we observed that expression levels of GPx1 are positively correlated with Se status in chondrocytes [8] . In addition, genetic variants of GPx1 showed significant association with this osteoarthropathy [9, 10] . These observations suggest that GPx1 has effects on cartilage.
GPx1, the first identified selenoprotein, is expressed in the cytoplasm and mitochondria. GPx1 uses glutathione as a source of reducing equivalents to react with low molecular mass hydroperoxides, such as hydrogen peroxide (H 2 O 2 ), hydroperoxy fatty acids and even hydroperoxy lysophosphatidic, but not hydroperoxides of more complex lipids [11] . Thus, GPx1 is originally known as an antioxidant enzyme. However, GPx1 also induces oxidative stress characterized by a decrease of glutathione (GSH)/oxidized GSH (GSSG) ratio [12] . Furthermore, the physiological and pathological roles of GPx1 become more complex since the essential functions of reactive oxygen species (ROS), especially for H 2 O 2 , are identified in cellular signaling in recent years. For example, both pro-and antitumor genetic effects of GPx1 are suggested [13] . The effects of GPx1 on chondrocyte remain unknown, although it is highly expressed in chondrocytes [14, 15] .
The coordinated proliferation and differentiation of chondrocytes are critical for cartilage development and homeostasis maintenance postnatal. It is tightly controlled by systemic and local productions of cytokine and growth factors. These factors are mediated by various intracellular signaling to modulate the activity of the transcription factor SRY (sex determining region Y)-box 9 (Sox9) and runt-related transcription factor 2 (Runx2), which are indispensable for the induction of various elements of the extracellular matrix (ECM). The ECM proteins in the early stage of chondrogenesis (i.e. chondrogenic differentiation) are mainly type II collagen (Col II) and aggrecan (Acan), while in hypertrophic chondrocytes (i.e. during late chondrogenesis) are type X collagen (Col X), etc. [16] . Previous studies have shown that ROS is essential for survival and differentiation in the early stage of chondrogenesis [17, 18] . Unexpectedly, GPx1, as a ROS elimination enzyme, is also induced at the same stage [14, 15] . However, the interaction between GPx1 and ROS as well as the molecular mechanisms involved remains poorly defined. In this study, we evaluated the effects and redox mechanisms of GPx1 on the differentiation of chondrogenic cell ATDC5, which is a useful model to examine chondrogenesis in vitro.
Materials and Methods

Cell culture
The chondroblast cell line ATDC5 was obtained from European Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK) and maintained in Dulbecco's modified Eagle's medium/F-12 medium (DMEM/F12; Hyclone, Logan, USA) containing 5% fetal bovine serum (Gibco, Carlsbad, USA) with 30 nM sodium selenium in a humidified incubator with 5% CO 2 at 37°C. For chondrogenic culture, cells were plated as micromass culture, maintained in chondrogenic medium, and cartilage formation was detected by Alcian blue staining as previously described [8] . The stained cells were washed for three times with distilled water, and images were captured and quantified with the imaging system and the accompanying software (Syngene, Cambridge, UK).
Generation of stable GPx1-knockdown cells
Short hairpin RNA (shRNA)-mediated RNA interference was used to decrease the gene expression of GPx1 in chondrocytes. The GPx1 target sequence (ccgctttcgtaccatcgacat) was constructed into shRNA vectors pLKO.1 (Addgene, Cambridge, USA) following the standard protocol and a non-mammalian construct (Addgene) was used as a control. The shRNA plasmids were transfected into ATDC5 cells using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, USA) according to the manufacturer's instruction. The selection was performed 24 h after transfection with puromycin at a concentration of 5 µg/ml.
Cell viability, cell cycle, and cell death assay Cell viability and cell cycle were determined as described previously [19] . Briefly, cell viability was detected by 3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cell cycle was analyzed with a FACScan flow cytometer (BD Biosciences, San Diego, USA) with propidium iodide (PI; Byotime Biotech, Nantong China) staining. Cell death was determined by lactate dehydrogenase (LDH) using a cytotoxicity assay kit (Byotime Biotech) following the manufacturer's instruction.
Cell apoptosis and intracellular ROS
Cell apoptosis was detected by Annexin V/PI staining and caspase-3 activation. Staining for Annexin V conjugated with fluorescein isothiocyanate and PI were performed using an apoptosis detection kit (Byotime Biotech) following the manufacturer's instruction. Samples were analyzed using a Guava easyCyte™ flow cytometry (EMD Millipore, Darmstadt, Germany). Moreover, cell apoptosis was determined by caspase-3 activation assay through western blot analysis as previously described [19] . Intracellular ROS were detected with the fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; Byotime Biotech) and dihydroethidium (DHE; Byotime Biotech) as previously described [19] .
Mitochondrial membrane potential and ATP content
Mitochondrial innermembrane potential was detected by JC-1 staining with a kit (Byotime Biotech) following the manufacturer's instruction. Cells were trypsinized and suspended in staining buffer containing JC-1 dye for 15 min in cell culture incubator. Then, cells were washed with PBS and mitochondrial membrane potential was assayed by flow cytometry as aforementioned. The ratio of red/green fluorescence was proportional to mitochondrial innermembrane potential. Intracellular ATP content was detected by using an ATP bioluminescence assay kit (Byotime Biotech) according to the manufacturer's instruction on a microplate reader Infinite ® 200 PRO (Tecan, Männedorf, Switzerland). The protein contents were determined by bicinchoninic acid (BCA) assay and the ATP levels were normalized to protein concentrations.
GPx activity and intracellular GSSG and GSH content
GPx activity was detected by the rate of decrease in absorbance of the adenine nucleotide at 340 nm using a GPx activity assay kit with tertbutyl hydroperoxide (t-BuOOH) as substrate (Byotime Biotech) according to the manufacturer's instruction [8] . Intracellular total GSH and GSSG were measured by using a GSH/GSSG assay kit (Byotime Biotech) as previously described [19] .
Reverse transcription and real-time PCR
Total RNA was collected by using Trizol RNA extraction reagent (Invitrogen) and reverse transcripted by using a RevertAid™ First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, USA). Each cDNA was synthesized from 5 μg of total RNA sample with oligo (dT) primers according to the manufacturer's protocol. Quantitative real-time PCR was performed with the iQ5 system (Bio-Rad, Hercules, USA) using SYBR ® Premix Ex Taq™ II (TaKaRa, Shiga, Japan). Cycle parameters were 95°C for 10 min, followed by 40 cycles of 95°C for 5 s, 60°C for 15 s, and 72°C for 30 s with dissociation curve analysis. The primers were as follows: 5′-ccgctggccatgaactacct-3′ and 5′-ggccaggttccacttgagct-3′ for Cyclin D1, 5′-tcgacatgtcag cctttgct-3′ and 5′-cggtctccatgttgcagaaa-3′ for Col II, 5′-gcatcacccaaact gcatct-3′ and 5′-tgttcttgggcaaagtcagg-3′ for Acan, 5′-gcaagaacaagccacacgtcaagcg-3′ and 5′-gctggtacttgtaatcggggtggtc-3′ for Sox9, 5′-gatca gtcaacgggggacat-3′ and 5′-ggtccttttcaccagcaagc-3′ for Hprt. Relative expression level was identified by using the comparative threshold cycle (Ct) method with Hprt as endogenous control.
Western blot analysis
Cells were scraped in cell lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS) containing protease inhibitor (2 µg/ml leupeptin, 2 µg/ml aprotinin, and 1 mM PMSF) and clarified by centrifugation. The protein concentrations were determined by BCA-based assay according to the manufacturer's protocols (Pierce, Rockford, USA). Protein samples (20-40 µg) were separated on 12% SDS-PAGE and transferred to nitrocellulose membranes (Hybond; Amersham Biosciences, Piscataway, USA). The membrane was blocked with 3% nonfat milk in Tris-buffered saline-0.05% Tween 20 (TBST, pH 8.0), then incubated with primary antibodies followed by secondary antibodies conjugated with horseradish peroxidase, and visualized using the ECL detection system (Millipore, Darmstadt, Germany) on a chemiluminescence imaging system (Syngene). The accompanying software was used to calculate the band density. Antibody against GPx1 (1:200 dilution), Cyclin D1 (1:200 dilution), and Sox9 (1:200 dilution) were from Santa Cruz Biotechnology (Santa Cruz, USA). Antibody against Acan (1:500 dilution) was from Proteintech (Wuhan, China). Antibody against Col II (1:200 dilution) was from Boster (Wuhan, China), and antibody against Caspase-3 (1:2000 dilution) was from Cell Signaling Technology (Beverly, USA). Antibody against β-actin (1:2000 dilution), the secondary horseradish peroxidasecoupled anti-rabbit (1:5000 dilution), and anti-mouse (1:5000 dilution) antibodies were obtained from Byotime Biotech.
Statistical analyses
Data were presented as the means ± SEM. All experiments were performed at least three times unless otherwise indicated. Statistical analysis was performed by Student's t-test or ANOVA followed by Dunnett's test for multiple comparisons. P<0.05 was considered statistically significant.
Results
GPx1 knockdown exhibits impaired chondrogenic differentiation
The roles of GPx1 in chondrogenesis were examined through shRNAmediated gene silence of GPx1 in a chondroblast cell line ATDC5. Compared with the control cells transfected with a non-targeting shRNA, transfection of one target sequence of GPx1 significantly decreased the expression levels of GPx1 mRNA (Fig. 1A) and protein (Fig. 1B,C) . GPx activity decreased as well (Fig. 1D) . To determine the effect of GPx1 on chondrogenic differentiation, cells were plated as micromass culture with chondrogenic medium. Cartilage-specific ECM glycosaminoglycans (GAGs) were assessed by Alcian blue staining. GPx1 knockdown decreased GAGs significantly (Fig. 1E,F) . The expression levels of genes relevant to cartilage formation were further investigated. The expression levels of Sox9, Col II, and Acan were detected by real-time PCR and western blot analysis, respectively. Results showed that GPx1 knockdown significantly decreased the expressions of these genes both at mRNA (Fig. 1G ) and protein levels (Fig. 1H,I ). Thus, GPx1 knockdown suppressed chondrogenic differentiation of chondroblast ATDC5.
GPx1 knockdown inhibits chondrocyte proliferation
The effects of GPx1 knockdown on chondrocyte proliferation were further evaluated, since coordinating cell proliferation and differentiation are important in chondrogenesis [20] . Firstly, cell viability was assessed by MTT assay. As shown in Fig. 2A , GPx1 knockdown decreased cell viability in a time-dependent manner. A significant decrease of cell viability was achieved after 3 days. The cell cycle progression was further examined by flow cytometry to clarify whether cell proliferation was involved in GPx1 knockdown-mediated decrease of cell viability. The results showed that G0/G1-cell distribution was significantly increased while S-phase cell distribution was significantly decreased after GPx1 knockdown (Fig. 2B,C) . Finally, the gene expression levels of cyclin D1, which is responsible for chondrocyte proliferation, were tested. Notably, GPx1 knockdown significantly inhibited cyclin D1 expression at both mRNA ( Fig. 2D ) and protein level (Fig. 2E,F) . These data indicated that GPx1 knockdown suppressed chondrocyte proliferation through induction of a delay in G1-phase of cell cycle by inhibiting cyclin D1 expression.
GPx1 knockdown promotes chondrocyte apoptosis after cell confluence
GPx1 has the ability to protect apoptotic signaling in numerous types of cells [21] . Herein, we addressed whether cell apoptosis was involved in GPx1 knockdown-mediated decrease of cell viability. The results revealed that GPx1 knockdown induced cell death in a time-dependent manner (Fig. 3A) . A significant cell death was observed after 3 days. To confirm the possible participation of cell apoptosis in GPx1 knockdown-induced cell death, cell apoptosis was detected by Annexin V-PI staining. The results showed that cell apoptosis increased significantly after 3 days (Fig. 3B,C) . Then, the activity of caspase-3 was further determined by western blot analysis. As shown in Fig. 3D ,E, there was an obvious band of cleaved caspase-3 in GPx1-knockdown cells after 3 days of culture, indicating that apoptosis was a major mechanism of GPx1 knockdowninduced cytotoxicity. Notably, there was no evident activation of caspase-3 under cell confluence ( Supplementary Fig. S1A,B) .
Together with the cell viability, cell death, and cell apoptosis assay, these results revealed that GPx1 knockdown induces cell apoptosis after confluence without affecting cell viability under confluence.
GPx1 knockdown induces oxidative stress
The antioxidant property of GPx1 was explored due to the wellknown antioxidant roles of GPx1. The antioxidant effects of GPx1 on the H 2 O 2 -induced injury were tested, since exogenous H 2 O 2 was widely used to induce oxidative stress. Cell injury was quantified by cell viability assays. Cell viability was significantly decreased when 0.7 mM H 2 O 2 was added into the medium and cultured for 2 h. However, cell viability of the GPx1-knockdown cells had no obvious difference when compared with the control cells treated with H 2 O 2 (Fig. 4A) . The intracellular ROS were detected with fluorogenic probe DCFH-DA and no significant increase of ROS was observed (Fig. 4B) . Furthermore, the intracellular ROS were measured with a relative specific probe DHE, wherein a slight but significant increase of ROS was induced (Fig. 4C,D) . Considering that GPx1-mediated redox process participates in the maintenance of the mitochondrial function, the mitochondrial function was examined by measuring the mitochondrial innermembrane potential (MMP) with JC-1 dye [21] . The results showed that the change of MMP was not significant (Fig. 4E) . These results revealed that GPx1 knockdown induces intracellular ROS production, but with no effect on mitochondrial functions and cell sensitivity to exogenous oxidative stress.
GPx1 knockdown induces reductive stress
The intracellular redox status was further examined by GSH/GSSG ratio assay, since GPx1 knockdown only induced mild oxidative stress. Surprisingly, results showed that GSH/GSSG ratio significantly increased, which indicated that GPx1 knockdown induced reductive stress (Fig. 4F ). Contrary to the GSH level which did not change (Fig. 4G) , intracellular GSSG level was significantly decreased after GPx1 knockdown (Fig. 4H) . These results suggested that the decrease of GSSG contributed to the elevated ratio of GSH/GSSG. Therefore, GPx1 knockdown induced reductive stress indicated by the increase of GSH/GSSG ratio through a net decrease of GSSG.
Diamide and N-acetylcysteine antagonize GPx1 knockdown-induced reductive and oxidative stress, respectively
To investigate the roles of GPx1-mediated reductive and oxidative stress in chondrocyte differentiation, the GSH/GSSG ratio and intracellular ROS level were suppressed, respectively. As shown in Figure 1 . GPx1 knockdown inhibits chondrogenic differentiation Stable expression of shRNA-mediated gene silence of GPx1 chondroblasts (siGPx1) were constructed as described in 'Materials and Methods' section. Cells with stable expression of a non-mammalian silence vector (siN) were used as the negative control. Expressions of GPx1 were decreased after gene silencing. Total RNA and cell lysates were harvested for the detection of GPx1 expression at mRNA and protein levels by real-time PCR (A) and western blot analysis (B,C), respectively. GPx activity was assayed by using a GPx activity detection kit (D). GPx1 knockdown suppresses chondrogenesis. Cell mass was subject to Alcian blue staining on Day 7 (E) and then the intensity of the staining was quantified and statistically analyzed (F, n = 3). Simultaneously, total RNA and cell lysate of the chondrogenic cell on Day 3 were harvested. mRNA and protein expressions of Col II, Acan and Sox9 were detected by real-time PCR (G) and western blot analysis (H,I), respectively. Actin was used as the loading control. *P < 0.05 versus control group (n = 3).
Fig. 5A, GPx1-knockdown cells were cultured in the presence of 0.2 mM Diamide for 24 h, and the intracellular GSH/GSSG ratio significantly decreased. The GSH content was not changed (Fig. 5B) while GSSG level was significantly increased (Fig. 5C) . However, treatment with diamide in siN cells increased both GSH and GSSG level significantly but not the GSH/GSSG ratio ( Supplementary Fig.  S2A-C) . These results suggested that diamide could selectively increase GSSG level and then counteract GPx1 knockdownmediated decrease of GSH/GSSG ratio. In addition, treatment with diamide had slight effects on intracellular ROS level ( Fig. 5D,E ; Supplementary Fig. S2D ). On the contrary, GPx1-knockdown cells were cultured in the presence of 2.5 mM N-acetylcysteine (NAC) for 24 h and intracellular ROS were significantly decreased ( Fig. 5F,G ; Supplementary Fig. S2E ). However, treatment with NAC had slight effects on GSH/GSSG ratio (Fig. 5H) , although intracellular GSH and GSSG content were both elevated (Supplementary Fig. S2F,G) . Fig. S2H-J) . Together, GPx1 knockdown-induced reductive and oxidative stress could be antagonized by diamide and NAC, respectively.
Treatment of siN cells with NAC displayed similar effects to that of GPx1 knockdown cells (Supplementary
NAC attenuates GPx1 knockdown-induced cell apoptosis while diamide antagonizes GPx1 knockdown-suppressed gene expression of cyclin D1
Whether NAC or diamide could block the effects of GPx1 knockdown on cell viability and proliferation was explored. Firstly, the effects of NAC and diamide on cell viability were examined. Treatment with 0.2 mM diamide for 3 days decreased cell viability slightly but significantly, while treatment with 2.5 mM NAC for 3 days had no obvious effects on cell viability ( Fig. 6A ; Supplementary  Fig. S3A ). Secondly, the effects of NAC and diamide on cell death were tested. Treatment with NAC for 3 days significantly prevented cell death. However, treatment with diamide induced cell death ( Fig. 6B; Supplementary Fig. S3B ). Thirdly, the effects of NAC and diamide on cell apoptosis were assessed. Treatment with NAC for 3 days significantly inhibited cell apoptosis and attenuated the activation of caspase-3, whereas diamide had no obvious effect on cell apoptosis ( Fig. 6C-E; Supplementary Fig. S3C,D) . Finally, the effects of NAC and diamide on cell proliferation were determined. Cells were treated with 2.5 mM NAC or 0.2 mM diamide for 24 h and gene expression of cyclin D1 was analyzed. Results indicated that diamide significantly increased cyclin D1 expression at both mRNA ( Fig. 6F ) and protein level ( Fig. 6G,H; Supplementary Fig.  S3E ). On the contrary, NAC treatment had no obvious effect on Cyclin D1 expression ( Supplementary Fig. S3F ). Taken together, GPx1 knockdown-induced cell death and suppression of cell proliferation could be selectively suppressed by NAC and diamide, respectively.
Diamide rescues impaired chondrogenic differentiation of GPx1-knockdown cells
Whether NAC or diamide could rescue the impaired chondrogenesis induced by GPx1 knockdown was finally explored. GPx1-knockdown cells were cultured with 0.2 mM diamide for 3 days. Total RNA and protein were harvested, and gene expression levels of chondrogenic marker gene Sox9, Col II, and Acan were determined by real-time PCR and western blot analysis, respectively. Results showed that mRNA expressions of all these genes were significantly up-regulated (Fig. 7A) and protein expressions of all these genes were obviously induced (Fig. 7B,C) . In addition, treatment with diamide for 7 days induced significant accumulation of GAGs (Fig. 7D,E) . On the contrary, control cells treated with diamide had slight effects on chondrogenic differentiation ( Supplementary Fig.  S4A,B) . However, GPx1 knockdown and control cells treated with NAC, both prevented gene expression levels of Sox9, Col II, and Acan, and also decreased GAGs accumulation ( Supplementary Fig.  S4C-F) . These results revealed diamide could rescue GPx1 knockdown-induced suppression of chondrogenic differentiation. Figure 2 . GPx1 knockdown suppresses cell proliferation GPx1 knockdown decreases cell viability. Cell viability was detected by MTT assay at indicated time interval (A, n = 5). GPx1 knockdown delays G1-phase progression. Cell cycle was analyzed by flow cytometry with PI staining (B,C, n = 3). GPx1 knockdown inhibits cyclin D1 expression. Total RNA and protein were collected for cyclin D1 gene expression by real-time PCR (D, n = 3) and western blot analysis (E,F, n = 3), respectively. Actin was used as the loading control. *P < 0.05 versus control group. Figure 3 . GPx1 knockdown induces cell apoptosis after cell confluence GPx1 knockdown induces cell death via apoptosis. Cell death was detected by LDH assay at indicated time interval (A, n = 5). Cell apoptosis was assayed by using an Annexin V-PI detection kit (B,C, n = 3). Cell lysates were harvested for caspase-3 activation by western blot analysis (D,E, n = 3). Actin was used as the loading control. *P < 0.05 versus control group.
Discussion
Oxidative stress has been proved as a contributor to pathogenesis under various conditions, and many cellular and animal studies have demonstrated the benefits of antioxidants. However, few antioxidants or redox-based therapeutic strategies have a definitive proof of benefit in clinical trials according to the criteria of evidence-based medicine [22] . On the contrary, physiological functions of ROS have been identified in the regulation of intracellular signaling molecular, macrophage activation, and tissue regeneration [23] [24] [25] . Therefore, it is important to re-evaluate the physiological and pathological properties of ROS, particularly the interactions between ROS and the specific intracellular antioxidant such as thiol peroxides enzyme GPx and Prx. ROS are required for both early chondrogenic differentiation and hypertrophy induction of chondrocytes [17, 18] . Considering that GPx1 can eliminate ROS, we proposed that GPx1 knockdown may enhance chondrogenic formation or cause severely oxidative stress. Contrarily, it has been demonstrated that GPx1 knockdown suppresses chondrogenic differentiation. Therefore, oxidative stress induced by GPx1 knockdown was examined. Notably, there was only a slight increase of intracellular ROS identified by DHE but not DCFH assay. Moreover, GPx1 knockdown did no increase the sensitivity to exogenous oxidative stress. The intracellular redox status characterized by GSH/GSSG ratio was further detected. Unexpectedly, GPx1 knockdown induced reductive stress by increasing the GSH/GSSG ratio. These observations suggested that GPx1 knockdown induced both reductive stress and oxidative stress. Finally, suppression of the reductive stress by diamide, but not oxidative stress by NAC, rescued GPx1 knockdown-mediated chondrogenic suppression. Together with the increased expression level of GPx1 in the early phase of chondrogenesis [14, 15] , we conclude that GPx1 is essential for chondrocyte differentiation and may be required for the chondrogenic induction of ROS.
GPx1 is well known to eliminate ROS. Surprisingly, it was found that GPx1 knockdown had limited relevance to the cellular antioxidant mechanism. This observation is consistent with the GPx1-knockout mice, which display no abnormalities [26] . In addition to GPx1 knockdown-induced oxidative stress, GPx1 knockdown also induced a reductive stress by increasing the GSH/GSSG ratio. It is reasonable that oxidation of GSH is suppressed after GPx1 knockdown, resulting in an increase of GSH/GSSG ratio. Furthermore, GPx1 knockdown-mediated increase of ROS may be caused by the reductive Figure 4 . GPx1 knockdown increases intracellular ROS and GSH/GSSG ratio GPx1 knockdown has no influence on cell antioxidant capacity. Cells were treated with 0.7 mM H 2 O 2 for 2 h and cell viability was detected by MTT assay (A, n = 6). GPx1 knockdown increases intracellular ROS with no effect on the mitochondrial membrane potential. Intracellular ROS and mitochondrial membrane potential were detected by DCFH (B, n = 3), DHE (C,D, n = 3), and JC-1 staining (E, n = 3) through flow cytometry, respectively. GPx1 knockdown decreases intracellular redox status. Cell lysates were harvested and intracellular GSH/GSSG ratio (F, n = 3), GSH (G, n = 3), and GSSG (H, n = 3) content were detected as described in 'Materials and Methods' section. Error bars, SE. *P < 0.05 versus control group. Figure 5 . GPx1 knockdown-induced increase of GSH/GSSG ratio and ROS level are rescued by diamide and NAC, respectively Diamide prevents GPx1 knockdown-increased GSH/GSSG ratio but not ROS level. siGPx1 cells were treated with 0.2 mM Diamide for 24 h and cell lysates were subject to GSH/GSSG ratio (A, n = 3), GSH (B, n = 3), and GSSG (C, n = 3) content assay. siGPx1 cells were treated with 0.2 mM diamide for 24 h and intracellular ROS were detected by DHE staining (D,E, n = 3). NAC prevents GPx1 knockdown-induced intracellular ROS but with no effect on GSH/GSSG ratio. siGPx1 cells were treated with 2.5 mM NAC for 24 h and intracellular ROS were detected by DHE staining (F,G, n = 3). siGPx1 cells were treated with 2.5 mM NAC for 24 h and cell lysates were subject to GSH/GSSG ratio assay (H, n = 3). *P < 0.05 versus control group of siGPx1. Ctrl, control; NAC, N-acetylcysteine.
stress. Previous studies have verified that GSH-dependent reductive stress can trigger mitochondrial oxidation and cytotoxicity [27] . Furthermore, the respiratory complex III was identified as the downstream target of thiol-based compounds [28] . Moreover, lack of electron acceptors such as GSSG can leak electrons to O 2 and also generate significant amounts of ROS spillover [29] . It was also found that NAC could inhibit ROS production in GPx1-knockdown cells. This observation again demonstrated that GPx1 knockdown-induced ROS are mediated by GSH/GSSG ratio, since NAC elicit antioxidant effect mainly through modulation of GSH level [30] . In addition, thiol oxidant diamide could well rescue GPx1 knockdown-mediated chondrogenic suppression. These observations suggest that GPx1 regulates chondrocyte proliferation and differentiation through modulation of GSH/GSSG ratio.
Glutathione not only provides an abundant source of reducing equivalents but also plays an essential role in redox signaling. For example, glutathione-mediated redox signaling regulates cell cycle progression, GSH/GSSG status determines the embryonic stem cell fate, and GSH/GSSG plays a pivotal role in osteogenesis and osteoclastogenesis [31] [32] [33] . Therefore, we propose a new mechanism that GPx1 exerts biological effects through GSH/GSSG. Although the specific target was not identified in this study, a previous report has shown that GSSG induces the generation of disulfide-mediated mitofusin oligomers, which prime the mitochondrial fusion [34] . In Figure 6 . GPx1 knockdown-induced apoptosis and -inhibited cyclin D1 expression are rescued by NAC and diamide, respectively Diamide decreases cell viability. siGPx1 cells were treated with 0.2 mM diamide or 2.5 mM NAC for 3 days and cell viability was detected by MTT assay (A, n = 6). NAC prevents cell death but diamide induces cell death. siGPx1 cells were treated with 0.2 mM diamide or 2.5 mM NAC for 3 days and cell death was detected by LDH assay (B, n = 6). NAC prevents cell apoptosis. siGPx1 cells were treated with 0.2 mM diamide or 2.5 mM NAC for 3 days and cell apoptosis was detected by Annexin V-PI staining with flow cytometry assay (C, n = 3). NAC inhibits caspase-3 activation. siGPx1 cells were treated with 0.2 mM diamide or 2.5 mM NAC for 3 days and cell lysates were harvested for western blot analysis (D,E, n = 3). Diamide increases the expressions of cyclin D1. siGPx1 cells were treated with 0.2 mM Diamide for 24 h. Total RNA was harvested and mRNA expressions of cyclin D1 were detected by real-time PCR (F, n = 3). siGPx1 cells were treated with 0.2 mM diamide for 24 h and cell lysates were harvested for cyclin D1 protein expression determination by western blot analysis (G,H, n = 3). Actin was used as the loading control. *P < 0.05 versus control group of siGPx1. Ctrl, control; NAC, N-acetylcysteine. Figure 7 . GPx1 knockdown-impaired chondrogenic differentiation is rescued by diamide Diamide enhances chondrogenesis. siGPx1 cells were treated with 0.2 mM diamide for 3 days. Total RNA and cell lysates were harvested for the detection of mRNA and protein expression levels of Sox9, Col II, and Acan assay by real-time RT-PCR (A, n = 3) and western blot analysis (B,C, n = 3), respectively. siGPx1 cells were treated with or without 0.2 mM diamide and then subject to Alcian blue staining on Day 7 (D,E, n = 3). *P < 0.05 versus control group. addition, the reversible protein S-glutathionylation is a common redox-dependent post-translational modification, which is associated with signal transduction and broad cellular intervention [35] . Taken together, according to the specific expression pattern of GPx1, tightly regulated glutathione homeostasis, subcellular compartmentation of GSSG [36, 37] , and the availability of the protein substrates, all guarantee the efficient and specific effects of GPx1 at multiple levels.
In summary, we conclude that GPx1 regulates chondrocyte differentiation through GSH/GSSG ratio rather than an antioxidant enzyme to detoxify ROS. These novel bioactivities and mechanisms of GPx1 further support the relationship between Se status and cartilage function. These findings may lead to better understanding of the pathogenesis of the endemic osteoarthropathy induced by Se deficiency. These observations also provide novel insights for the development of therapeutic target to prevent cartilage degeneration through oxidation-promoted strategies.
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